INTRODUCTION
The major methods for detection of viruses in the clinical laboratory today include (i) identification of cytopathic effects (CPE) in cell cultures, (ii) use of fluorescent antibodies directly on specimen material, (iii) enzyme immunoassays for antigen detection, and (iv) amplification techniques with viral genomes as targets. These methods are used routinely as the first means of detection. In most cases, presumptive identification of the virus is made in conjunction with detection. Thus, if a viral culture from a nasopharyngeal swab shows positive CPE which is characteristic of respiratory syncytial virus (RSV), then a virus is detected and identified at the same time. The abovementioned methods allow identification of the virus. Typing and subtyping require additional investigation employing either serologic techniques to identify unique antigenic epitopes or molecular techniques to dissect the genome of the virus and compare, directly or indirectly, the nucleotide compositions of different isolates. Today's molecular techniques have been instrumental in viral subtype analysis that has gone well beyond the realm of antigen-antibody interaction. Many of the methods discussed here are capable of identifying a single base change in a viral genome of several hundred kilobases. Molecular characterization for the purpose of subtyping is not relevant to treatment (except in the case of hepatitis C virus [HCV] ) but is useful mainly for epidemiologic purposes and for investigations into pathogenesis and disease progression.
Two decades ago, the major method of identification of viruses was growth in cell cultures and observation for CPE.
The use of fluorescent antibodies (initially polyclonals, later monoclonals, and, still later, mixtures of monoclonals) was just making its way into the clinical virology lab. Restriction endonucleases had recently been discovered and were being put to use in various techniques for characterization of viral genomes at the molecular level. Nucleic acid probe technology was being developed for use in the clinical laboratory. However, probes could not be radioactively labeled to a high enough specific activity to be used as devices for sensitive direct detection of viral genomes in clinical specimens. The reality of their use fell far short of the expectations at the time. Probes would later find their greatest utility in research laboratories with such techniques as Southern blotting and RNase protection assays.
The middle 1980s brought the PCR to the virology laboratory and with it the ability to amplify femtogram amounts of DNA or RNA to levels that could be easily detected in ethidium bromide-stained agarose gels or by enzyme-linked immunosorbent assay or hybrid capture assays. PCR has arguably been the single most important development in the past two decades with regard to the ability to characterize and compare the genomes of viruses. It has not only been at the center of numerous assays that have been aimed at the detection of minute levels of virus has but also allowed detection of viruses that had previously been very difficult to detect (e.g., those causing cerebrospinal fluid infections), thus enabling a diagnosis in cases that would otherwise have gone undiagnosed. In addition to sensitivity and specificity, another major advantage that PCR provides is the ability to sample (amplify) a relatively small portion of the viral genome (a few hundred to a few thousand base pairs) that may have been subjected to evolutionary pressures and to enter that portion into a comparison or subtype analysis while excluding the remainder of the genome. Thus, relatively small variable regions that actually confer the subtype can be compared without the background clutter of the much larger genome. Numerous techniques for identification and comparison of viruses, many of which are discussed here, have been spun off of PCR.
The classical method for typing and subtyping viruses is serotyping. Long before molecular methods were available, identifying differences among viruses was accomplished by the use of antibodies that could define antigenic differences. Some virus species, such as human cytomegalovirus (CMV) and measles virus, cannot be divided into different types or subtypes because significant antigenic differences do not exist. On the other hand, serologic methods have been used to define major viral groups (i.e., types), such as influenza virus types A to C, parainfluenza virus types 1 to 4, poliovirus types 1 to 3, and herpes simplex virus types 1 and 2 (HSV-1 and -2, respectively). In some cases, and with the use of monoclonal antibodies, finer distinctions can be made. In general, serotyping has been useful for making relatively large distinctions among viruses but does not have the ability to distinguish individual isolates within a serotype simply because the major antigenic epitopes that define the serotype are highly resistant to change. The need for this capability has provided the impetus for the development of molecular methods described in this review.
Viral genomes can vary somewhat (i.e., mutate) at the nucleotide level and yet maintain their essential characteristics at the protein and virion levels. This variability is the basis for molecular characterization and subtype classification of viruses. Some regions of the viral genome may be extremely stable and resistant to mutation, while other regions may be hypervariable. If less than the whole genome is being studied, the investigator must choose the region for analysis with care so as to observe a reasonable number of mutations. The changes at the nucleotide level may or may not result in amino acid changes, but it is irrelevant for these genotypic methods. Nucleotide changes in a viral isolate from an infected patient may allow that isolate to be uniquely identified or grouped with similar isolates of the same virus by molecular techniques. It is also noteworthy that RNA viruses have much higher rates of spontaneous mutation than DNA viruses, primarily due to the fact that viral RNA polymerases do not have 3Ј-to-5Ј exonuclease activity and thus cannot edit mistakes made during replication of the genome. Tables 1 and 2 summarize the techniques and applications discussed in this review. Table 1 describes the methods and their requirements, such as the use of restriction enzymes, other enzymes, and probes, as well as the ability of the technique to sample a large number of bases and detect point mutations. One must consider these attributes of a particular assay when deciding which to use for an application. Table 2 identifies the practical uses of the methods and gives examples of viruses that have been studied by a particular method as discussed in this review.
NUCLEOTIDE SEQUENCING

Introduction and General Approach
The experimental determination of the linear arrangement of bases in a viral genome is the ultimate form of subtyping. Sequencing of the genome has the potential to distinguish even between parent and progeny if a single mutation has occurred in the replicative process. Sequencing generally requires a commitment of time and resources beyond those of the other methods discussed herein, and it produces a volume of data that may exceed what the investigator had hoped for and is capable of dealing with. However, if only small portions or specific variable regions of a viral genome are sequenced for the purpose of subtyping, the volume of sequencing data can be kept to a minimum. Generally this is the case. Only the portions of the genome that confer the subtype need be compared, but in the beginning this information may not be known. In most cases the comparison will include only the regions that are subjected to immunological pressure by the host (i.e., the major antigenic epitopes of the surface proteins). However, in other cases the untranslated regions of the genomes are unique to a subtype because they contain random mutations that may persist indefinitely in the complete absence of immunologic pressure. The use of PCR amplification in conjunction with sequencing and recent developments in automated sequencing (with cycle labeling of the oligonucleotides) have removed much of the tedium from this process and streamlined it to the point that one can obtain a fully analyzed sequence of a small (e.g., 1-kb) portion of a viral genome within about 3 days after obtaining a clinical isolate or, in some cases, after receiving a clinical specimen. Of course, all RNA genomes must first be converted to DNA prior to sequencing, so the use of reverse transcriptase PCR (RT-PCR) is a natural fit for this process and leads directly to a sequencable product (Fig. 1 ).
Application to Human Immunodeficiency Virus
The complete sequence of the human immunodeficiency virus type 1 (HIV-1) genome was published in 1985 (67) . Since that time, there have been numerous reports of the use of sequencing to demonstrate the genetic variability of the virus. Early reports showed a high degree of variation over time in specific genes within an individual patient (28) . Other investigators using HIV sequencing attempted to establish a correla-tion between sequence heterogeneity in the V3 region of the envelope in longitudinal specimens and the stage of HIV disease as determined by CD4 ϩ -cell counts (55) . These studies led to the conclusion that only a highly restricted subset of virus quasispecies are apparently transmitted and establish infection in a new host. Sequence divergence between an HIVinfected asymptomatic blood donor and three pediatric recipients was also studied by sequencing the immunodominant Env V3 region (56) . Mutations occur during natural selection within the host in specific locations surrounding the V3 loop but rarely, if ever, within the loop structure.
Globally circulating strains of HIV-1 are classified according to their phylogenetic relationships into genetic groups (termed M for "major" and O for "outlier") and subtypes (currently A through J). Serotyping may identify the majority of HIV-1 isolates, but highly divergent isolates and recombinant isolates are difficult to classify. Two regions of the HIV genome have been used for these phylogenetic analyses, gag and env. Due to the highly variable nature of the HIV-1 genome, the definitive method for subtype classification is to sequence one or both of these regions and then build phylogenetic trees which group the isolates with others of the same subtype. An epidemiologic study in which HIV-1 env DNA from dried blood spots was PCR amplified and sequenced demonstrated that the technique worked and showed the presence of subtypes A, B, C, and E in Asia (10) . The investigators amplified a 389-bp segment of the region of env from C2 to V3, from which 287 bases were aligned and used in the tree analysis.
Others have sequenced full-length proviral clones of "subtype E" virus from Thailand in an effort to demonstrate intersubtype recombination as the evolutionary origin of this virus (27) . Previous analyses of gag and env regions had shown the Thailand subtype E virus to be a hybrid of subtypes A (the gag region) and E (the env region). The sequence of the complete genome demonstrated convincingly that there were several crossover points between the two subtypes. The gp120 portion of env, parts of vif and vpr, and most of the long terminal repeat were derived from subtype E, and the remainder of the genome was derived from subtype A (27) . This study again points out the amazingly plastic nature of the HIV genome and the usefulness of nucleotide sequencing in analyzing this genome.
Molecular Forensics of HIV
The power of sequencing for determination of molecular epidemiology related to a forensic inquiry was demonstrated in a highly publicized investigation of the possible transmission of HIV in a dental practice (64) . In this extensive investigation, a PCR-amplified product of 680 bp from the envelope gene of proviral DNA from lymphocytes of the dentist, seven of his HIV-positive patients, and 35 local HIV-infected controls was sequenced. From the primary sequence, three analyses were The results showed that the viruses from the dentist and five of the patients were closely related, and taken with the epidemiologic results, it was concluded that these patients had been infected (via an unknown mechanism) while receiving care at the dentist's office. Obviously the nature of this particular investigation necessitated a highly sophisticated analysis of the viral genomes. Investigators using the various techniques discussed in this review must determine the ability of a particular FIG. 1. Automated cycle sequencing as a rapid and convenient method for sequence analysis of PCR products. The target DNA was extracted and amplified and the PCR products were purified away from unincorporated nucleotides and primers. The sequencing template was "amplified" in another PCR mixture containing the sequencing primers, a mixture of deoxy-and dideoxynucleotides, and modified Taq polymerase. Dideoxynucleotides were coupled to fluorescent dyes, a different color for each of the four bases; these act as terminators of the growing oligonucleotides. Thus, the color of the dye is the key to which dideoxynucleotide is at the 3Ј terminus of each oligonucleotide. The large array of oligonucleotides was separated in a polyacrylamide gel which was continuously scanned by a laser during the run, and the colors were detected as they passed the scan point. Each oligonucleotide in the array, as they move through the gel, is only one base shorter than the oligonucleotide above it in the gel. The detection information was fed directly into a computer for analysis and construction of the four-color electropherogram, which was translated into the linear sequence by commercially available software. 
Use with Dengue, JC, and Influenza Viruses
Dengue virus is an RNA virus of the flavivirus genus that causes a mild flu-like illness in millions of people each year and severe to life-threatening hemorrhagic fever and shock syndrome in some individuals. A molecular epidemiologic study which was performed by direct sequencing of PCR products revealed six genotypic groups among 28 dengue virus type 2 isolates (19) . The investigation was undertaken because of the suggestion that certain topotypes (i.e., genetically related viruses that circulate in a particular geographic region) might be more likely to cause severe disease than others. The authors were unable to demonstrate this possibility because of many confounding variables but nonetheless generated surveillance data that may be useful in vaccine development.
Another investigation with a similar hypothesis was reported for JC virus (2) . JC virus is found in four different genotypes in 70 to 90% of the adult population worldwide and is the cause of progressive multifocal leukoencephalopathy (PML) in about 5% of autopsied AIDS patients. By direct sequencing of specific regions of the genome, type determination was made and compared among 50 PML patients and 103 control subjects. Brain tissues from the PML patients had a significantly higher proportion of JC virus type 2 than urine isolates from the controls, thus indicating a biologic difference between the JC virus genotypes and perhaps demonstrating a propensity for type 2 to cause PML.
A very recent application of sequencing for the purpose of molecular characterization is the case of avian influenza A (H5N1) virus isolated from a child in Hong Kong with fatal influenza (75) . The isolate was obtained from a tracheal aspirate specimen. The hemagglutinin (HA) and neuraminidase genes were amplified by RT-PCR and sequenced to confirm the H5N1 genotype. The sequence analysis revealed the presence of a multiple basic amino acid insertion upstream from the trypsin cleavage site (75) . This insertion has previously been found in highly pathogenic avian influenza virus strains and is thought to extend the tissue range of the virus by allowing proteases other than trypsin to cleave the HA protein into HA1 and HA2 domains and thus enable systemic spread of the virus.
RESTRICTION FRAGMENT LENGTH POLYMORPHISM ANALYSIS
Review of the Method
The site of cleavage of DNA by a restriction endonuclease is sequence dependent. The presence of mutations at potential cleavage sites in some viral strains results in different patterns of fragments when they are separated in an agarose gel, a phenomenon termed restriction fragment length polymorphism (RFLP) (Fig. 2) . The technique requires fairly large amounts of purified or partially purified viral DNA, a set of restriction enzymes to enzymatically cleave the DNA, the ability to separate the resulting DNA fragments by electrophoresis, and a method of documenting the results. The results are displayed as patterns of bands in an ethidium bromide-stained agarose gel. Viruses with large genomes (e.g., CMV) may have 20 to 50 bands, while viruses with smaller genomes (e.g., adenoviruses) have only 5 to 10 bands. Of course, the restriction enzyme used for the digestion is an important factor in the resultant number of bands, and care must be taken to ensure that digestion is complete so that partial digestion products do not obscure the final analysis of bands. Restriction endonucleases have recognition sites usually consisting of either four or six bases in a specific palindromic sequence. If a mutation occurs in the DNA genome to either eliminate or create a restriction site, polymorphisms occur in the pattern of bands in the gel (Fig. 2) . There is no easy way, nor is there generally a need, to correlate the pattern (i.e., a missing band or an extra band) with mutations at specific locations in the genome without extensive molecular hybridization studies or even sequencing of the genomes being compared. A distinct limitation of the method is that the presence of a mutation cannot be detected unless that mutation happens to fall within the recognition sequence of the restriction endonuclease being used for digestion of the DNA. The use of different restriction enzymes will optimize the probability of detecting mutations in a particular genome or portion of a genome. Also, the absence of differing restriction patterns may simply be the result of testing with too few restriction enzymes.
Examples Involving DNA Viruses: CMV, HSV, and Adenovirus
CMV was the first virus to be subjected to RFLP analysis of viral genomic DNA pursuant to epidemiologic studies. Kilpatrick et al. (45) demonstrated the usefulness of this method by restriction enzyme digestion of 11 human strains of CMV. Each strain had a unique pattern of fragments when separated by electrophoresis in an agarose gel. Subsequent studies have documented a number of interesting observations with regard to the epidemiology of CMV. Five of six congenitally infected babies had the same strain of CMV as their mothers, thus leading to the obvious conclusion that endogenous CMV is the most frequent cause of intrauterine transmission (38) . Spector and Spector (72) used the RFLP technique to study the epidemiologic relationships of three CMV isolates from newborn twins and their mother. The infants were infected with two different strains of virus during an extended hospitalization after birth (twin A was infected at 9 weeks of age and twin B was infected at 6 weeks). The mother, who was CMV seronegative prior to and shortly after giving birth, became infected at 6 months postpartum with the strain carried by twin A. In another study among infants in a nursery, RFLP analysis of CMV strains isolated from the urine of eight babies demonstrated that one of the babies had transmitted CMV to two other babies, apparently via fomites. The two babies began shedding CMV on the same day, 22 days after the index patient was transferred to the intensive care nursery.
Other viral genomes have been subjected to RFLP analysis. The method was originally referred to as restriction endonuclease fingerprinting as it was applied to HSV in groundbreaking studies demonstrating exogenous reinfection (9) and nosocomial outbreaks (8) . These and other studies found HSV-1 to have 19 of 57 total restriction enzyme cleavage sites that were variable, with four restriction enzymes among the isolates in the studies (8, 9) . From this information it was estimated (9) that the smallest number of potential differentiable strains of HSV-1 is 524,288, thus lending theoretical support to the observation that epidemiologically unlinked isolates have different RFLP patterns. An RFLP analysis of the isolates from the earlier study (8) led to the conclusion that there had been two independent introductions of HSV-1 into a pediatric intensive care unit. An outbreak of HSV encephalitis in Boston, Mass., engendered an RFLP analysis of the isolates, and all seven had different restriction patterns, thus proving that they were not epidemiologically related (29) .
The molecular epidemiology of adenoviruses based on RFLP analysis has been extensively investigated over the past 20 years. Wadell assembled a compendium on the subject (78), and Wigand and Adrian (80) devised a system for classification of the genome types. Others have followed with articles focused on more local aspects of the topic (4, 40) to describe populations of adenovirus genotypes of particular interest and to gain insight into the possibility that the pathology of adenovirus disease is related to the genotype of the virus (53) . The AIDS epidemic has provided a unique opportunity to study FIG. 2 . Hypothetical comparison of three viral isolates by RFLP analysis. In this case, viral genomic DNA was extracted from cells infected with the different isolates and then was digested with a restriction enzyme to produce DNA fragments, which were separated in an agarose gel containing ethidium bromide to allow subsequent visualization and documentation of patterns. Virus isolate A was the hypothetical wild type, with two restriction sites. Isolates B and C differ from A by the loss and gain, respectively, of a restriction site, which resulted in altered banding patterns in the gel. The method can be modified for the use of PCR products instead of genomic DNA or for the use of RT-PCR to allow the use of genomic RNA. 
RT-PCR for RFLP Analysis of RNA Viruses: Enteroviruses and Measles Virus
Restriction endonucleases are capable of cleaving only DNA, but with the help of RT-PCR, portions of the genomes of RNA viruses can be converted to DNA, amplified, and subjected to RFLP analysis. Many of the enteroviruses have been analyzed by this method for the purposes of both detection and differentiation of the numerous serotypes by Kuan (47) . In this study, a 297-bp amplicon from the 5Ј untranslated region (UTR) of the virus was cleaved by restriction enzymes and the fragments were analyzed on an agarose gel. Fragment patterns were characteristic of the serotype, as shown by comparison with prototype strains. Molecular epidemiology of measles virus, another RNA virus, has recently been used to document the changing distribution of measles virus genotypes in Japan. This investigation was accomplished by amplifying the HA and nucleoprotein genes and then subjecting the amplified product to digestion by restriction enzymes, which allowed strain typing of the isolate (41). Measles virus type 2 represented 80% of the isolates in western Japan in 1985, but by 1990 the majority were type 1 and by 1995 all strains studied were type 1 as determined by RFLP analysis.
RFLP analysis is a simple yet powerful technique. It has been widely used because of its ability to detect point mutations if they occur in a restriction site. It can be used to compare a large number of isolates in epidemiologic studies and can even be adapted for use with RNA viruses after an RT-PCR step.
SOUTHERN BLOT ANALYSIS
Description of Method
Classical Southern blotting (70) is a modification of RFLP analysis in which the viral DNA is cut with a restriction enzyme and then fragments are subjected to electrophoresis in an agarose or polyacrylamide gel, transferred onto a nitrocellulose sheet, and then hybridized with a labeled probe from the entire genome or against a specific region of the genome.
Use with CMV
This method (22) and RFLP analysis (71) have been used to demonstrate that an AIDS patient can be infected with multiple strains of CMV. In a landmark study on the transmission of CMV in cadaveric renal transplantation (12), 15 distinct strains (genotypes) of CMV were isolated from 19 organ recipients (i.e., four pairs [8 patients] of the 19 had paired isolates with the same genotype). In all four pairs of patients who had received kidneys from the same cadaver, both recipients shed the same strain of CMV, suggesting that both had acquired it from the donor and that seropositive recipients can be reinfected by a new strain of CMV after transplantation (12) .
OLIGONUCLEOTIDE FINGERPRINT ANALYSIS Method
Oligonucleotide fingerprint analysis, a technically complex but powerful method of analyzing randomly distributed noncontiguous segments of an RNA molecule or RNA virus genome, was first described by DeWachter and Fiers (20) . The method employs digestion of radioactively labeled genomic RNA with RNase T 1 , an endonuclease purified from Aspergillus oryzae that cleaves single-stranded RNA on the 3Ј side of G residues, and two-dimensional electrophoresis. The electrophoresis procedure is performed on 8% polyacrylamide in 6 M urea at 4°C in the first direction and then on 22% acrylamide in Tris-borate buffer at room temperature in the second direction after a 90°rotation from the first direction.
32 P-labeled RNA oligonucleotides are detected by autoradiography as a fan-shaped array of spots and are distributed according to size and composition (20) . The method allows comparison of the larger T 1 -resistant oligonucleotides present in the RNA being tested (representing about 10% of the genome of certain enteroviruses [44] ). This procedure was considered to be the most sensitive method available, short of nucleotide sequencing, for analysis of RNA genetic relatedness.
Application to Enteroviruses
The oligonucleotide fingerprint method was first applied to poliovirus RNA by Lee et al. (50) and Lee and Wimmer (51) and soon thereafter was used in the analysis of other RNA viruses, including influenza virus (84), vesicular stomatitis virus (13) , and enteroviruses (31, 57, 62) . The most widely used application has been in the study of molecular variation among the enteroviruses, particularly polioviruses. T 1 fingerprinting was a powerful tool in the early epidemiologic studies of the distribution of poliovirus subpopulations among infected human communities and in studies undertaken to clarify the molecular evolution of poliovirus during infection and passage through the human intestine. Using T 1 fingerprinting, it was observed that the poliovirus genome was quite plastic, since the genome underwent continual change during natural epidemic transmission. Within a single epidemic in a confined geographic area, small differences between patterns were detected and no two patterns were exactly alike (62) . New spots appeared on the autoradiograms and others disappeared; even the patterns among infected family members were different (62) .
Other practical applications were also discovered. Isolates of vaccine origin could easily be distinguished from circulating "wild" strains of poliovirus by this method, proving it a timely method for detection of wild-type infections and for tracking possible vaccine revertants of the type 1 oral polio vaccine (62) .
Oligonucleotide fingerprinting showed that in contrast to the extreme variability of the poliovirus genome, the genome of enterovirus 70 (EV 70), the cause of epidemic acute hemorrhagic conjunctivitis around the world, is quite stable (44) . Only one basic genotype of EV 70 appears to be in circulation worldwide, and isolates from one year to the next and from one geographic region to the next have very similar patterns. Numerous intervening infections that linked different isolates did not result in major changes in the fingerprint patterns of EV 70 (44) .
REVERSE HYBRIDIZATION Technique
The reverse hybridization (RH) method is based on a system in which PCR products amplified from test specimens are hybridized to probes bound in parallel lines to membrane strips. An assay employing this technology for type and subtype analysis of HCV is commercially available (Inno-LiPA HCV; Innogenetics, Zwijnaarde, Belgium, and, in the United States, Norcross, Ga.). HCV RNA is extracted from serum and amplified by a nested RT-PCR with biotinylated primers directed against the HCV 5Ј noncoding (NC) region or 5Ј UTR. These products are hybridized to probes on the strips and hybrids are detected by alkaline phosphatase-conjugated streptavidin. Reaction of the amplified fragment with specific probes results in the formation of visible lines on the strip, thus presumably allowing identification of at least six of the nine currently known major HCV genotypes and also the respective subtype.
Application to HCV
This assay has been evaluated for its usefulness in genotyping of HCV. HCV RNA isolated from the sera of 61 HCVpositive patients was analyzed by sequencing of the 5Ј NC region and the less well conserved nonstructural-5 region and by RH (85). The RH assay was able to correctly identify all of the HCV genotypes (only types 1, 2, and 3 were found in these patients). However, the RH assay incorrectly identified the subtype of 1 of 11 HCV subtype 1a genotypes as subtype 1b and identified 3 of 31 subtype 1b genotypes as subtype 1a, and it also identified 4 of 4 subtype 2c genotypes as subtype 2a. All HCV subtype 2a, 2b, and 3a genotypes in this study were correctly identified by the RH assay. A subsequent evaluation by the same group (49) and by another group (65) led to the conclusion that this particular RH assay misinterpreted 2 to 10% of the subtype 1a and 1b genotypes and also that the method could not be used for differentiation of HCV subtypes 2a and 2c. The shortcomings of this assay are apparently the result of the choice of probes. The distinction between subtypes 1a and 1b is dependent on a single nucleotide difference at position Ϫ99 in the 5Ј UTR, and subtypes 2a and 2c are identical in the region targeted by the Inno-LiPA probes.
DNA ENZYME IMMUNOASSAY
Description of the Commercial Assay
A commercial DNA enzyme immunoassay (DEIA) product is available for identification of HCV types and subtypes. RNA from serum is extracted and amplified by RT-PCR with nested primers directed against the HCV core region. Heat-denatured PCR products are hybridized to probes bound to multiwell plates. Hybrids are detected with a murine monoclonal antibody against double-stranded DNA followed by rabbit antimouse antibody conjugated to horseradish peroxidase. A substrate is then added. The DEIA reagents contain six different probes directed against the HCV core region.
Use for HCV and Comparison to RH Assay
In a recent evaluation and direct comparison of the RH assay (Inno-LiPA HCV II) and the DEIA (65), 112 of 120 evaluable samples (93.3%) yielded concordant results. Of the eight subtyping discrepancies, all involved subtype 1 and 2 viruses that were misassigned by the RH assay apparently because of the suboptimal probes discussed above.
Thus, both the RH assay and the DEIA appear to be excellent choices for the determination of HCV type and reasonable choices for the determination of subtype. However, the DEIA has a higher accuracy for subtyping, especially for identifying the subtypes of HCV-1 and -2.
RNASE PROTECTION ANALYSIS
Development of the Method and Application to Viruses
RNase protection analysis was developed by Myers et al. (60) for the purpose of demonstrating the presence and approximate locations of point mutations in DNA. The technique involves the use of a relatively short, in vitro-synthesized, radioactive RNA probe that is transcribed from wild-type genomic DNA (or cloned DNA) from a standard strain or the type strain of an organism. In the original method, this RNA probe was then hybridized to DNA from test strains prior to digestion of the heteroduplex with RNase A. The resulting fragments were separated in a polyacrylamide gel containing 8 M urea (Fig. 3) . RNase A cleaves the radioactive RNA probe at positions of mismatch with the DNA. Test genomes with mutations that are not present in the probe or with mutations at different positions than the probe will have altered banding patterns in the gel. The method is able to detect about half of all single-base mutations (60) . It is not clear why all mutations are not detected, but this is perhaps related to the secondary structure of the probe-test heteroduplex.
Influenza Virus and RSV Analysis
A modification of ribonuclease protection, sometimes called the RNase A mismatch cleavage method, has allowed its use with the RNA genomes of viruses, including influenza virus and RSV. By using a technique that had been developed to demonstrate the presence of point mutations in RNA transcripts from the c-ras gene (82) , the genetic relatedness and evolution of field isolates of influenza virus were investigated (54) . This method was also employed in an epidemiologic study of RSV in which it was found, using a probe made from the G glycoprotein of the A2 strain of RSV, that all epidemiologically linked isolates (from coinfected twins, infants infected during a nosocomial outbreak, and institutionalized adults infected during an outbreak) had identical band patterns (74) . The same method was used to study the genetic variability and evolution of the different subtypes of RSV circulating in Spain (15) . Mutations which appeared in early isolates were retained in later isolates, and viruses isolated during a short time span showed highly similar band patterns. Additionally, different isolates from the same winter outbreak of RSV showed considerable heterogeneity and the RSV G gene accumulated mutations at a faster rate than other genes. Although the method is technically difficult, it has considerable power to define epidemiologically related isolates in the same way that RFLP analysis has for DNA viruses.
SINGLE-STRAND CONFORMATION POLYMORPHISM ANALYSIS
Development of the Assay and Application to Viruses
Single-strand conformation polymorphism (SSCP) analysis is the term applied to the method developed by Orita et al. (63) with which they demonstrated that a single nucleotide substitution was sufficient to cause a mobility shift of a fragment of single-stranded DNA in a neutral polyacrylamide gel. Initially, FIG. 3 . RNase protection analysis. RNA from virus-infected cells was extracted and purified. This mixture of mRNA and genomic RNA was mixed with transcripts, labeled in vitro with 32 P, from a cloned probe. The cloned probe was transcribed in both directions, from an SP6 promoter at one end and a T7 promoter at the other end. The mixtures were denatured and reannealed to allow the formation of hybrids which would contain "bubbles" at the sites of mismatches. RNase digests all the single-stranded regions and cleaves the double-stranded regions at the bubbles or mismatches. After RNase digestion, the products were subjected to electrophoresis in polyacrylamide gels and bands were detected by autoradiography. Viral isolates with different mutations relative to the probe differ from each other in their banding patterns. Adapted from reference 74 with permission of the publisher.
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on February 23, 2013 by PENN STATE UNIV http://cmr.asm.org/ the general procedure was to use RFLP fragments from genomic DNA (one from the wild-type genome and one from a possible mutant), denature the fragments by alkali treatment, subject them to electrophoresis in a neutral polyacrylamide gel, and compare their mobilities. More recently, modifications have been made to accommodate PCR amplification of a specific region of wild-type or mutant genomes prior to denaturation and separation on a neutral gel (32) . In either case, if mutations are present in the segment of the mutant genome being tested, that segment will likely run at a different position in the gel than the same segment from the wild-type genome. The altered electrophoresis pattern is apparently due to the mutation-altered secondary structure of the restriction fragment or the PCR amplicon (63) . The separation of the wildtype and mutant fragments is dependent on several environmental factors, including the temperature of the gel during electrophoresis, the concentration and composition of the electrophoresis buffer, and the presence of denaturing agents in the gel. Several sets of conditions should be tried empirically to optimize mutation detection. One major advantage of this method is that it can "sample" the genetic makeup of several hundred base pairs of DNA, whereas RFLP analysis can sample only a few bases (the restriction sites).
Analysis of Parvovirus, Hepatitis B Virus, and HCV
An analysis of the genetic variability in the nonstructural gene of human parvovirus B19 by PCR-SSCP analysis revealed the presence of six genotypes among 50 samples of virus from several countries (43) . Sequencing of this region confirmed the presence of mutations in the different genotypes, and all were silent mutations. There was a good correlation between the SSCP type and the country from which the virus was obtained. Within Japan, genotypes 1, 2, 3, and 4 circulated between 1981 and 1987 in about equal numbers. However, between 1990 and 1994, 90% of the samples tested were type 3.
An epidemiologic investigation into an outbreak of hepatitis B virus (HBV) infection in a pediatric oncology unit was based on the ability to distinguish genotypes of the virus by PCR-SSCP analysis (30) . PCR was used to amplify a 189-bp product from the hypervariable (pre-S1) region of the genome, and this product was denatured and subjected to electrophoresis in neutral polyacrylamide gels. Forty unrelated controls all had distinct patterns in gels, and all but 6 of 58 oncology patients had patterns that fell into five different groups: one shared by 16 patients, one shared by 19 patients, one shared by 9 patients, one shared by 5 patients, and one shared by 3 patients. Thus, there had been several independent introductions of HBV into the unit, and some of these isolates had also been spread extensively within the unit.
Genotyping of HCV is useful because of marked differences in pathogenesis and the ability to treat different strains. A method for rapid and sensitive genotyping of HCV by PCR-SSCP analysis has been described (48) . A nested RT-PCR assay was used to amplify a 289-bp amplicon from the conserved 5Ј NC region, which was analyzed in nondenaturing polyacrylamide gels (Fig. 4) . This method was able to correctly identify the strain types of 73 HCV-positive samples which had been genotyped by sequencing and dideoxy fingerprinting. The PCR-SSCP method was more rapid and considerably cheaper than either of the established methods and yet provided the same information with regard to strain typing.
HETERODUPLEX MOBILITY ASSAY AND HETERODUPLEX TRACKING ASSAY HIV Heteroduplex Mobility Assay
The effect of a single base deletion on the electrophoresis of heteroduplex DNA in cross-linked gels was studied by Wang and Griffith (79) using synthetic 30-bp duplexes. All DNAs containing bulges due to a single base deletion in one strand which resulted in a bulge in the other strand were electrophoretically retarded in comparison to DNAs with no bulges. These observations have been the basis for the technique of heteroduplex mobility assays (HMAs), which are now used to investigate the genetic variability (at the molecular level) of various strains or quasispecies of viruses.
Following PCR amplification of HIV proviral DNA from peripheral blood mononuclear cells, a slowly migrating species of product appeared if analyzed in neutral 5% polyacrylamide gels (18) . The same product mixtures migrated as a single band in a 2.5% agarose gel (Fig. 5A) . The fact that the slowly migrating products in polyacrylamide gels were heteroduplexes was proven when they were eliminated either by performing one additional round of PCR in the presence of excess Taq polymerase and excess primers or by reducing the number of divergent proviral genotypes by dilution of the input target proviral DNA (18) . The former method produces all homoduplexes, since with excess polymerase and primers all targets are replicated; if not denatured, they will remain as homoduplexes. The latter method simply results in a less divergent population of targets in the PCR, with the final products therefore being predominantly homoduplexes.
Further demonstration of the usefulness of the HMA technique to investigate the diversity of HIV strains was provided by denaturing and reannealing mixtures of amplified DNA from divergent HIV strains with known sequences. If two diverse amplicons of the same size were mixed, denatured, reannealed, and subjected to electrophoresis in neutral polyacrylamide gels, three bands were observed: one band consisted of homoduplexes and the other two were the slowermigrating heteroduplexes (Fig. 5B) . If three diverse amplicons were mixed, denatured, and reannealed, there were six slowermigrating bands in the gel (18) , indicating the presence of all combinations of heteroduplexes. The relative retardation of the heteroduplexes was proportional to the DNA distance (i.e., the percent nucleotide difference) between the strains being PCR products generated from a highly variable region of HIV contain many heteroduplexes which are not resolved in agarose gels but may be resolved and appear as distinct bands in polyacrylamide gels. The heteroduplexes migrate more slowly due to conformational changes which result from the bulged regions and can be converted to homoduplexes as described in the text. PBMCs, peripheral blood mononuclear cells. (B) Illustration of the use of the technique to determine the relative relatedness of virus from two patients to that from patient A. Purified amplicons from the test patients were mixed with amplicons from patient A, denatured, reannealed, and subjected to electrophoresis in a neutral polyacrylamide gel. The migration of the heteroduplex bands was retarded in proportion to their genetic distance from the virus from patient A. See the text for details. tested (Fig. 5B) . In Fig. 5B , strain C is more divergent from A than strain B is divergent from A since the heteroduplex bands are further from the homoduplex band, and the relative distances can be calculated (18) (see below). The technique can detect genetic differences of as little as 2% in an amplicon of several hundred base pairs but is not reliable at detection of differences less than that. The major advantage of this technique is that it can be used to screen isolates and determine genetic relatedness without the laborious task of DNA sequencing.
The HMA method has been used efficiently to analyze the relatedness of various HIV strains (quasispecies) from a single individual and from around the world. Delwart et al. (18) showed that intrasubject relatedness of DNA from the env gene (excluding gaps in the sequences) was about 1 to 5%, with corresponding heteroduplex mobilities of 1.0 to 0.9 (the ratio of the mobility of the heteroduplex to that of the homoduplex). If gaps caused by insertions and deletions were considered in the distance calculations, then the DNA distances ranged from 2 to 8% and the heteroduplex mobilities ranged from 1.0 to about 0.45. At the other end of the spectrum was a comparison of U.S. and African isolates in which the DNA distances were about 18 to 23% and the heteroduplex mobilities were about 0.18 to 0.32. Similar data are presented in Fig. 6 . In this case, HIV-1 specimens known to be of subtype B were compared by HMA with others of the same subtype and with others of different subtypes (subtypes A, C, D, and E) as well as within individual patients. Heteroduplex mobilities of about 0.9 to 0.5 correlated with up to an 8% divergence in the intrasubject analysis (2 to 8% with and 1 to 7% without gaps), 0.6 to 0.4 correlated with an 8 to 12% divergence in the intrasubtype comparison, and 0.3 to 0.2 correlated with a 7 to 20% divergence in the intersubtype analysis. Thus, the method allows an experimental estimation of DNA distance simply by performing the HMA, and in fact, one can quickly determine the subtype of an HIV strain by using this assay (18) .
In a separate analysis, Delwart et al. (18) plotted pairwise comparisons between viruses from a given geographic region. A very high degree of viral genetic diversity was shown for isolates from Africa and was consistent with the notion that the HIV-1 epidemic began on that continent. The divergence of HIV-1 isolates from North America and Europe was limited (i.e., the DNA distances formed a single cluster), whereas the experimentally determined DNA distances for isolates from Brazil and from Thailand revealed two distinct clusters which indicated the recent introduction of virus from two divergent sources. Delwart and others (16, 17) have continued to use HMA in heroic efforts to study HIV-1 evolution in individual patients during progression to AIDS.
HIV Heteroduplex Tracking Assay
A variation of the HMA methodology is to amplify by RT-PCR products that represent an entire pool of quasispecies from an individual. This pool of PCR products is then hybridized to a radioactively labeled probe (made from a cloned region of HIV DNA), and the resulting heteroduplexes are detected by electrophoresis and autoradiography. This is called the heteroduplex tracking assay (HTA). Since the heteroduplexes displayed in the gel represent the relatedness of many (perhaps all) of the quasispecies, HTA may provide the best overall analysis of genetic distances between quasispecies generated within a single individual. Thus, HMA detects all of the heteroduplexes that are formed by viewing them in ethidium bromide-stained gels, whereas HTA detects only the heteroduplexes that form between the radioactive probe and the PCR products.
Recently, by using a gp120 V3-specific HTA in which an HIV subtype B consensus Env V3 sequence was used as a probe, evolution was measured by divergence from the consensus probe and was correlated with the syncytium-inducing (SI) phenotype of the isolates (61). The V3 HTA was able to detect 96% of the SI variants tested, and the overall correspondence for identifying SI and non-SI variants was 88%. Thus, this assay may be useful for the identification of certain phenotypic traits in HIV-1 and preclude the use of costly and time-consuming cultures to distinguish SI and non-SI isolates.
Use of HMA To Type and Subtype Influenza Virus
A practical application of the HMA has been described in which multiplex reverse transcription and multiplex PCR were employed to differentiate the HA genes of influenza viruses (86) . The subtype-specific primers in the multiplex-reverse transcription-multiplex PCR method differentiated the strains by type and subtype, because the amplified products of type A (subtypes H1 and H3), B (HA gene), and C (HA, esterase, and fusion [HEF] gene) were different sizes. In the subsequent HMA analysis, the amplified product of a clinical strain was mixed with the corresponding amplicon of a reference strain, and the resulting mobility shift pattern after electrophoresis indicated the divergence of the clinical amplicon. This process can be performed in 2 days and thus is a rapid and simple method for identification of clinical influenza virus strains.
GENOME SEGMENT LENGTH POLYMORPHISM ANALYSIS (ELECTROPHEROTYPING) Application to Viruses with Segmented Genomes
Certain groups of viruses are known to have segmented genomes. For example, the influenza viruses have segmented negative-strand RNA genomes, and the reoviruses (of which rotavirus is the most clinically significant member) have double-stranded RNA genomes. Influenza A and B viruses have eight different genome segments and influenza C virus has seven RNA segments. Each segment is of nearly constant length (the segments vary in length for influenza A virus from 1,263 to 2,320 nucleotides), and no length polymorphisms exist. Rotaviruses that infect humans fall into groups A, B, and C (there are also groups D through G, which are not known to infect humans), all of which have 11 segments of doublestranded RNA; some of these segments are of variable length. When total RNA is extracted from a clinical sample and subjected to electrophoresis on a polyacrylamide gel (5), the classical electropherotype pattern of group A rotaviruses reveals four size classes, with segments 1 to 4 in the largest class, 5 and 6 in the second class, 7 to 9 in the third class, and 10 to 11 in the smallest class (Fig. 7) . Patterns that spread out more during gel electrophoresis are referred to as long genomes, and others that spread out less are short genomes.
The observation that the electropherotypes of epidemiologically unrelated rotaviruses may vary due to small differences in the lengths of some segments has been used to study the epidemiology and transmission of rotavirus. A simplified method for these analyses was developed by Dolan et al. (21) , in which RNA was extracted directly from clinical specimens, subjected to electrophoresis in Laemmli stacking polyacrylamide gels, and detected with the extremely sensitive silver stain technique. They found 10 different electropherotypes among 68 rotavirus-containing specimens and noted that the predominant strain was different in each of three consecutive winter outbreaks. This same basic technique had been used to study the molecular epidemiology of rotavirus infection in children in South Africa (73) (Fig. 7) and to demonstrate the nosocomial transmission of rotavirus in hospitalized patients in Santiago, Chile (26) .
CONCLUDING REMARKS
The methods described here have all been developed over the past 20 years. They find usefulness in our efforts to further subdivide and characterize the broad groups of viruses that are isolated in cell culture, identified by fluorescent-antibody reagents, and detected by PCR. This activity by molecular virologists in subtyping of viruses has arisen mainly out of interest in epidemiologic studies. Direct analysis of the viral genome is a reasonable and practical way to approach these issues. Many of the methods described here can be performed with very simple equipment and in relatively unsophisticated laboratory environments, thus making them useful to clinical laboratories as well as research laboratories. Other methods discussed, particularly nucleotide sequencing, are becoming more widely used as tools in clinical laboratories because of major advances in the technology. Some of these methods were considered quite esoteric only a few years ago but have been catapulted into common use by the development of automated or computerized instrumentation, PCR technology, and commercial development of kits. The HIV/AIDS epidemic has also driven some of this molecular genotyping technology in the search for greater understanding of the mechanisms of disease transmission and progression and the characterization of isolates resis- 
